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Results
Restriction of TCR Va Sequences in TCRbSummary
Chain±Transgenic Mice
These experiments were originally suggested to us by ob-The analysis of T cell receptor a (TCRa) chains in
servations made from I-Ak mice immunized with the wild-mice transgenic for a TCRb chain has allowed us to
type conalbumin peptide HRGAIEWEGIESG (CA-wt), ademonstrate a central role for self-peptides in the pos-
peptide mutant in which lysine is exchanged for isoleu-itive intrathymic selection of major histocompatibility
cine at position 5 (I5K) or a peptide mutant in whichcomplex (MHC) class II±restricted T cells. Analysis of
aspartate is exchanged for arginine at position 2 (R2D)specific Va±Ja joins in mature CD41 TCRhigh thymocytes
(Sant'Angelo et al., 1996). H-2k mice carrying either aand in peripheral CD41 T cells revealed a limitation in
TCRb- or a TCRa-chain transgene fromthe CA-wt-specificamino-acid sequences. By analysis of immature thymo-
I-Ak clone, D10.G4.1 (D10) (Hong et al., 1992; Sant'An-cytes, we could show that this limited repertoire was
gelo et al., 1996), did not respond specifically to the I5Kselected from a more diverse repertoire. By analysis
peptide, while nontransgenic mice had a strong T-cellof the same b chain±transgenic mice bred to H-2Ma-
response. Combined withCDR3 a and b sequences, thesedeficient mice that express one or a very limited num-
data demonstrated that both the CDR3 a and b loopsber of peptides, we could demonstrate that the Va±Ja
of the D10 TCR were strongly influenced by stringentjoin repertoire was now altered and much more lim-
interactions with peptide position 5 of the CA-wt pep-ited. Together, these data provide molecular and ge-
tide. More remarkably, immunizing mice bearing a D10-netic evidence that the intrathymic positive selection
derived b-chain transgene with CA-wt elicited 22 of 22of the TCR repertoire is critically affected by self-pep-
a chains that had the same amino-acid sequence astides presented by MHC class II molecules, most likely
that used by the clone D10, although encoded in threeon thymic cortical epithelial cells.
different nucleotide sequences. Furthermore, immuni-
zation with the R2D mutant peptide gave rise toa distinct
Introduction
Va sequence (Va8) that was completely different but
nevertheless strikingly restricted: 13 of 13 sequences
Complementary genetic and molecular studies by Hay-
were identical at the amino-acid level, although derived
day and colleagues (Mallick et al., 1993; Dudley et al.,
from nine independent nucleotide sequences (Table 1)
1994; Hoffman et al., 1996) and others (Mombaerts et
(Sant'Angelo et al., 1996). Data from Davis and colleagues
al., 1992; Shinkai et al., 1992; Fehling et al., 1995) have
(Jorgensen et al., 1992) have shown a similar pattern
established that the initial development of T cells within
(Table 1) of CDR3a sequence restriction following immu-
the thymus involves random rearrangement of the T cell nization of a different TCRb chain±transgenic mouse.
receptor b (TCRb) chains followed by so-called b selec- These striking limitations on the TCRa chain CDR3 re-
tion for cells with in-frame b-chain joins. This event is gions, and the resultant capacity of the TCR repertoires
followed by a rapid division of CD4, CD8 double-nega- to discriminate among antigenic peptides, suggested to
tive (DN) cells and the expression of both CD4 and CD8 us that positive selection on one or a few self-peptides
on the cell surface (Hoffman et al., 1996; Tourigny et al., was a critical factor in determining the mature CD41 T
1997), forming a sizable population of double-positive cell±receptor repertoire. The object of the current stud-
(DP) cells. These DP thymocytes have lost the ability to ies was to test this hypothesis by altering the intrathymic
rearrange their b-chain genes, but have acquired the self-peptide repertoire available for positive selection.
ability to rearrange their a-chain genes (Petrie et al.,
1995). In the presence of a previously rearranged trans- Restriction of a-Chain CDR3 Sequences in Naive
genic b chain, the need for in-frame gene rearrangements T Cells from b Chain±Transgenic Mice
In our initial studies, we expressed the b-chain trans-
gene from the D10 T cell clone in B10.BR mice, which³Present address: Purdue University, W. Lafayette, Indiana 47906.
Immunity
518
Table 1. T-Cell Responses to Peptide in Different b Chain±Transgenic Mice Are Dominated by T Cells with Identical TCRa Chains
b-Chain Transgene Peptide Identical/Total CDR3 Amino Acids and Codons
D10.TCR Ca-wt 22/22 Thr
ACA (10), ACT (8), ACC (4)
R2D 13/13 Glu-Gly-Pro
nine different combinations used
5C.C7 TCR MCC-wt 4/6 Glu
GAG (3), GAA (1)
99E 8/8 Ala
GCT (4), GCC (3), GCG (1)
Data from two different b chain±transgenic mice reveal that T cell responses to peptide in such mice are dominated by T cells with identical
TCRa chains. The total number of T cell hybrids and the number of T cells that were sequence identical is shown (identical/total). The
independent origin of many of the T cells can be confirmed by silent DNA base-pair differences within the highly variable CDR3 peptide
contact domain. The number in parentheses indicates how often that particular codon was used. The peptides and DNA sequences have
been previously described (Jorgensen et al., 1992; Sant'Angelo et al., 1996).
have the correctmajor histocompatibiltycomplex (MHC) segments from mice bearing the transgenic b chain se-
(H-2Ak) to select the D10 ab TCR. We isolated genomic lected on the full repertoire of self-peptides or by a single
DNA from fluorescence-activated cell sorter (FACS)- peptide should yield restricted but markedly different
sorted CD4 T cells collected from either thymus or lymph sets of sequences. Therefore, we altered the peptide
nodes of these unimmunized animals and used polymer- repertoire available for selection by breeding the same
ase chain reaction (PCR) to amplify the Va2 (AV2S5)-to- TCRb chain±transgenic mouse to a mouse that has its
Ja4 join found in D10. The resulting PCR products were self-peptide repertoire severely limited, owing to a de-
cloned and sequenced. This analysis revealed CDR3a fective H-2Ma gene, the murine homolog of HLA-DMA.
chain sequences of several different lengths, demon- Lack of functional H-2Ma results in normal levels of
strating that there is measurable diversity in the TCRs MHC class II expression, but most of these MHC class II
that can be positively selected while utilizing the D10 b molecules are bound to the class II±associated invariant
chain. Nonetheless, approximately one fifth (15 of 88) of
chain peptide (CLIP) (Fung-Leung et al., 1996; Martin et
the Va±Ja sequenceswere the same length as the paren-
al., 1996; Miyazaki et al., 1996). CLIP binds the groove of
tal D10 clone CDR3a. Strikingly, the analysis of these
the MHC molecule much like a typical antigenic peptide15 sequences revealed six to be identical to the parental
(Ghosh et al., 1995) and can be recognized by T cellsD10 clone at the amino acid±sequence level, while being
(Morkowski et al., 1995).derived from three different nucleotide combinations
Mice transgenic for the D10 TCRb chain and H-2Ma2/2(Figure 1A). Furthermore, there were six other se-
were first examined by FACS analysis. Remarkably, anquences with a serine (encoded by three different nucle-
equivalent number of CD41 T cells (about half as manyotide sequences) in place of the N-nucleotide-encoded
as in a wild-type mouse) are seen in both the thymusthreonine at the corresponding position (Figure 1A). To
and the lymph nodes of mice carrying the TCRb-chaindetermine whether TCRa chains with this serine could
transgene (Figures 2A and 2B) as compared with thereact to CA-wt peptide, we produced these sequences
by site-directed mutagenesis of the D10 a-chain cDNA H-2Ma2/2 mice with the full complement of TCRb chains
and transfected them with the D10 b chain and CD4 into (Figures 2C and 2D). The levels of TCR expression are
a TCR-negative recipient cell. We found that all three also identical in mice with (Figures 2a and 2b) and with-
serine-containing sequences also responded to the CA- out (Figures 2c and 2d) the transgenic b chain. Impor-
wt peptide (Figure 1B). This demonstrates that at least tantly, when stained with anti-Vb8 antibody, all of the T
12 of the 15 amino acid sequences of this length formed cells express the transgene-encoded Vb8.2 in the TCR-
a TCR that was responsive to the identical peptide li- transgenic mice (Figure 2a), demonstrating the effective-
gand. The derivation of those amino-acid sequences ness of allelic exclusion in this instance. When staining
from heterogeneous nucleotide sequences indicates with anti-Cb is performed, it can be seen that the TCR
that the TCRs have been selected for at the amino-acid levels are normal between the transgenic mouse and
level. We hypothesized that although different TCRs
the normal littermate (compare Figures 2a and 2b with
could be positively selected in D10 b chain±transgenic
Figures 2c and 2d). Finally, the cell number in both thy-mice, the demonstrable limitation in a-chain CDR3 and
mus (Figures 2B and 2D) and lymph nodes (Figures 2Ain antigen specificity pointed further to a critical role
and 2C) was nearly identical in littermates with and with-played by a limited number of self-peptides.
out the TCRb chain transgene. This demonstrates that
positive selection of a single b chain interacting with aT Cells from a Mouse Bearing a Single TCRb
single peptide±MHC complex can be fully compensatedChain Are Efficiently Selected in Mice
for by the panoply of a chains, strongly suggesting thatExpressing a Limited Self-Peptide Repertoire
the TCRa chain defines whether or not a particular TCRWe reasoned that if self-peptide is playing a defining
role in establishing the mature TCR repertoire, CDR3a can be positively selected.
Role of Self-Peptides in Positive Selection
519
Figure 2. Equivalent Numbers of CD4 T Cells in H-2Ma2/2 Mice with
and without a TCRb-chain Transgene
FACS analysis showing the percentage of CD4- andCD8-expressing
lymphocytes (A) and thymocytes (B) from an H-2Ma2/2 mouse ex-Figure 1. TCR from a D10 b Chain±Transgenic Mouse Frequently
pressing a single TCRb chain. Similar CD4 and CD8 FACS profilesUse the Same or Similar CDR3a Segment and Are Specific for the
are seen for the lymphocytes (C) and thymocytes (D) from anSame Peptide
H-2Ma2/2 mouse expressing the normal TCRb repertoire. The TCR(A) Sequences of the CDR3a segment from D10.G4.1 (a), lympho-
(solid line) and Vb8 (broken line) levels are shown as histograms forcytes (b), andthymocytes (c) from D10.TCR b-chain transgenic mice.
lymphocytes (a, c) and thymocytes (b, d) from the two mice. TheNumber symbol, the ratio of the number of sequences of this type
transgenic mouse expresses high levels of the Vb8 transgenic bto the total number of sequences. The total number of times a
chain in peripheral T cells, while Vb8 levels in the thymus of thisparticular amino acid sequence was found is shown in boldface,
mouse are comparable with anti-TCR staining. Total thymocytewhile the number of times a nucleotide sequence appeared is shown
(358 3 106 with b transgene and 320 3 106 without transgene) andin plain type.
lymphocyte cell numbers (30 3 106 with b transgene and 31 3 106(B) Transfectants carrying either the wild-type D10 TCR, a D10 TCR
without transgene) were nearly identical in these littermate mice.with a threonine-to-serine change at position 92 (T92S) mutation,
the A91G;T92S mutations, or the A91V;T92S mutations all respond
to the CA-wt peptide.
the length and the sequence of the CDR3 a segments
from the postselection CD41, TCRhigh cells. Here we
found that over 85% (57 of 67) of the CDR3a segments
had the same amino-acid length. Furthermore, almostA Highly Restricted TCR Repertoire Is Selected
from a Diverse Preselection TCR Repertoire 70% (42 of 57) of the CDR3a segments with this length
are comprised of remarkably similar amino acids (FigureWe next examined the selection of the TCRa chains in
the presence of a D10 b chain transgene by sorting 4). For example, 27 of these TCRs use Ser-Gly-Gly, Ser-
Gly-Ala, or Ser-Gly-Ser to comprise their CDR3a seg-out cells that were CD41, Va2low or CD41, Va2high and
comparing the a chain sequences in theCDR3a regions. ment. These data reveal the striking effects of positive
selection on the TCRa chain CDR3 regions in mice withThe CDR3a sequences from preselection, TCRlow cells
were essentially random (Figure 3), demonstrating that only a single or very few peptides available for selection.
a broad variety of TCRa chains can successfully pair
with the D10 TCRb chain and give rise to TCR1 surface Altering the Self-Peptide Repertoire Dramatically
Affects the Mature TCR Repertoirestaining. Therefore, there are no obvious structural con-
straints on TCRa chain pairing with the D10 b chain. Next, we compared the V±J junctional lengths from
the TCRs selected in the D10 TCRb chain±transgenicBy contrast with the sequences from the TCRlow thy-
mocytes, there was a very significant restriction in both H-2Ma2/2 mice with those selected in conventional D10
Immunity
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Figure 3. A Diverse TCR Repertoire IsPresent in Preselection CD41,
CD81, TCRlow Thymocytes
DNA sequences and amino-acid translations of the Va2±Ja4 CDR3a
region from CD41, Va21, TCRlow thymocytes from an H-2Ma2/2
mouse with a TCRb chain transgene. Nucleotide sequences encod-
ing the same amino acids but with different codons are clustered
together. Number symbol, the number of times an identical se-
quence appeared. Frequency of each amino acid sequence is listed Figure 4. A Highly Restricted Repertoire of TCRa Chain Sequences
in boldface, while the number of times each nucleotide sequence Is Selected in the Thymus of H-2Ma2/2 Mice Bearing a Single
appeared is listed in plain type. Identical sequences recovered from b-Chain Transgene
different cell sorts are listed separately. Sequences were derived DNA sequences and amino-acid translations of the Va2±Ja4 CDR3a
from cDNA or from genomic DNA (asterisk). region from CD41, CD82, TCRhigh thymocytes from an H-2Ma2/2
mouse carrying a TCRb transgene. Details as for Figure 3.
TCRb-chain transgenics. The restriction in the CDR3a
length seen in the single-peptide mice (Figure 5A) is
much greater than the restriction in sequences seen in
thymocytes carrying the D10 b chain selected on the sequence lengths were seen (Figure 5D). The sequences
from the D10 b chain±transgenic, H-2Ma1/2 mouse (Fig-wild-type peptide repertoire bound to I-Ak (Figure 5B).
To control for MHC haplotype differences, we also ex- ure 5C) are shown in Figure 6 and demonstrate a
relatively random repertoire of sequences, within theamined CD41, TCRhigh thymocytes from an I-Ab (H-2Ma1/2)
mouse, whichshould express an essentially normalpep- constraints imposed by the normal repertoire of self-
peptides. Note that the D10 a-chain parental sequencetide repertoire. Again, the diversity in the length of the
CDR3a segments is obvious (Figure 5C). This restriction is not found among these sequences, as it codes for
alloreactivity to I-Ab. Therefore, reducing the peptidein CDR3a length only becomes apparent when the
b-chain transgene is present, since in CD41, Va21, repertoire to a single peptide has a dramatic effect on
the positively selected TCR repertoire in mice with aVb8.21 thymocytes sorted from an H-2Ma-deficient
mouse without a TCRb chain transgene, many different transgenic TCRb chain.
Role of Self-Peptides in Positive Selection
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Figure 5. The Effects of Altering the Intrathymic Self-Peptide Reper-
toire on the Mature TCR Repertoire
The frequency of different amino acid lengths of the Va2±Ja4 CDR3a
segments of CD41, Va21, TCRhigh thymocytes from H-2Ma2/2 mice
with the D10 TCRb chain transgene (n 5 67) (A); I-Ak mice with the
D10 TCRb chain transgene (n 5 55) (B); I-Ab, H-2Ma1/2 mice with
the D10 TCRb chain transgene (n 5 57) (C); and H-2Ma2/2 mice
without a b-chain transgene sorted for CD41, Va21, Vb8.21 (n 5 20)
(D). V±J junctional lengths are listed by potential N-encoded codon
additions. With this system, the D10 CDR3a segment would be 11.
Restriction of the TCR Repertoire Is Due
to Positive Selection
Finally, we wanted to address the issue of whether the
skewing of the TCR repertoire identified here was pri-
marily due to positive selection of a specific TCR as
opposed to negative selection of other TCRs. It has been
suggested that, although mice expressing a single MHC±
peptide complex are tolerant to the selecting peptide,
they are deficient for negative selection (Fung-Leung
et al., 1996; Martin et al., 1996; Miyazaki et al., 1996,
Ignatowicz et al., 1996), as they show strong reactivity
to the MHC molecule on which they are selected when
it is presented on normal cells with the normal repertoire
of peptides. The TCR repertoire is inherently biased to
MHC reactivity in the complete absence of negative or
positive selection, such that ~5% of T cells can react
Figure 6. Sequences of the TCRa Chains in TCRb Chain±Trans-with a particular MHC molecule (Zerrahn et al., 1997).
genic, H-2b, H-2Ma1/2 Mice Reveals a Relatively Random TCR Rep-
However, in T cells raised in the presence of a single ertoire
peptide, as many as 60%±70% of T cells are reactive
The sequences are of genomic DNA from sorted CD41, Va21, TCRhigh
to self-MHC when it is presented with a full array of self- thymocytes (primary data for Figure 5C).
peptides (Miyazaki et al., 1996; Ignatowicz et al., 1996).
As shown in Figure 7, T cells from an H-2Ma2/2 mouse
further suggest that the high frequency of T cells re-bearing the D10 b chain and from a nontransgenic
acting to I-Ab is due to positive rather than negativeH-2Ma2/2 mouse both respond equally strongly to
selection.spleen cells from a normal I-Ab mouse (C57BL/10). There-
fore, the deficiency of negative selection described in
Discussionsingle-peptide mice appears to occur equally in TCRb
chain±transgenic H-2Ma2/2 mice as well. Together,
Our work gives an in vivo look into how an effectivethese data strongly support the idea that positive rather
mature TCR repertoire, capable of discriminating be-then negative selection is the dominant effect responsi-
ble for shaping the mature TCR repertoire, and they tween self and nonself, is culled from a random and
Immunity
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complex to the same MHC molecule loaded with the
normal peptide repertoire (Fung-Leung et al., 1996; Mar-
tin et al., 1996; Miyazaki et al., 1996; Ignatowicz et al.,
1996). We suggest that the T cells selected by a single
peptide have a very restricted peptide specificity. There-
fore, it may be that the large number of responding
T cells are actually all recognizing one, or just a few,
peptides. The critical issue concerning this proposal
is how diverse the TCR repertoire actually is in mice
expressing a single peptide. So far, this issue has only
been addressed by FACS analysis using a panel of anti-
TCR Vb antibodies. Here we demonstrate that such an
approach is not valid, as a single TCRb chain is selected
as efficiently as the full complement of TCRb chains.
This result is completely consistent with models of thy-
Figure 7. Negative Selection Is Deficient mic development in which the TCRb chain rearranges
T cells from H-2Ma2/2 mice with and without a TCRb-chain first and is fixed by allelic exclusion prior to interaction
transgene respond equally strongly to I-Ab molecules loaded with with the MHC±peptide complex. Thus, although the
a full peptide repertoire. Total splenocytes were stimulated with
TCRb chain must also interact with the peptide±MHC5 3 105 irradiated splenocytes from a C57BL/10 mouse. Cells were
complex, in the case of TCRb chain transgenic mice,pulsed with [3H]thymidine after 48 hr and harvested after 72 hr.
the burden of developing a selectable TCR falls entirely
on the TCRa chain.
highly diverse preselection TCR repertoire. DNA se- Recent data from Grubin et al (1997) suggest that as
quence analysis of TCRs derived from pre- and postse- many as 50% of the positively selected CD4 thymocytes
lection thymocytes from mice carrying a transgene for a in the H-2Ma2/2 mice are actually not selected on the
TCRb chain clearly demonstrates that positive selection CLIP±MHC complex, but instead are selected on very
has a direct impact on the mature TCR repertoire. Fur- low levels of other self-peptides. This suggests that it
thermore, our data directly demonstrate that altering the is possible that the restriction of the TCR sequences
self-peptide repertoire available for positive selection seen in the D10 b-chain, H-2Ma2/2 mice may not be due
dramatically alters the mature TCR repertoire. to an interaction with CLIP±MHC class II complexes,
Data suggesting that peptides define the specificity but actually due to selection on one or a very limited
of the mature TCR has been previously reported, for number of endogenous peptides other than CLIP. There-
example in the H-2Kbm8 and H-2Kbm5 system (NikolicÂ - fore, while it is apparent from our data that altering the
ZugicÂ and Bevan, 1990) and an I-Ek system involving self-peptide repertoire has a profound impact on the
endogenously expressed altered peptide ligands (Hsu mature TCR repertoire, it is not possible to conclude
et al., 1995). This idea has recently fallen from favor, that selection has occurred on CLIP±MHC class II com-
however, in light of the apparently diverse nature of the plexes. However, it is also possible that the 85% of the
T cells selected in single-peptide systems (Fung-Leung TCR that we have analyzed that are identical in CDR3a
et al., 1996; Martin et al., 1996; Miyazaki et al., 1996; length were selected on the CLIP±MHC complexes,
Ignatowicz et al., 1996). Our data, however, demonstrate while the other 15% of the TCRs with different CDR3a
that a single peptide significantly restricts the TCR rep- lengths were selected on other endogenous peptide±
ertoire both in structure and, presumably, in specificity. MHC complexes.
Indeed, a significant number of thymocytes expressing It is likely that our results are generalizable to the
the same TCRb chain and selected on the normal pep- selection of other TCRs. There are several other reports
tide repertoire are specific for the same peptide antigen. of TCRb chain transgenic mice that have showed skew-
We propose that positive selection on intrathymic self- ing toward antigen-specific peripheral T cells. For exam-
peptides defines the structure of the mature TCR reper- ple, reports from both Hsu et al. (1995) and Dillon et al.
toire and, thereby, also determines the specificity of the (1994) have demonstrated antigen-specific responses
mature TCR repertoire. Degeneracy of TCR interactions in naive T cells from TCRb chain±transgenic mice. Fur-
with peptides is well established (Evavold et al., 1995), thermore, the onset of both collagen-induced arthritis
and, therefore, while it is highly unlikely that a one pep- and diabetes is accelerated in mice carrying the TCRb
tide±one TCR relationship exists, we suggest that TCRs chain from T cells known to induce these diseases (Mori
selected by the same peptide will have overlapping et al., 1992; Verdaguer et al., 1996), implying an increase
specificities. in self-antigen-specific T cells. Hsu et al. (1996) went on
A recently proposed model of thymic selection (Igna- to demonstrate that the Va±Ja joins in some of their
towicz et al., 1996) suggests that negative selection is responding T cells are highly restricted, as was also
responsible for eliminating over 65% of positively se- shown by Merkenschlager et al. (1994) in another TCRb
lected thymocytes. In contrast, we suggest that our data chain±transgenicsystem. These groups focused primar-
support a model in which positive selection plays the ily on peripheral lymphocytes, so conclusions concern-
predominant role in shaping the mature TCR repertoire. ing positive selection were not possible.
The proposal of a dominant role for negative selection In conclusion, a novel approach has allowed us to
in shaping the TCR repertoire was supported by the high address the difficult question of the relationship be-
tween the TCR and its selecting ligand. Work by severalreactivity of T cells selected on a single MHC±peptide
Role of Self-Peptides in Positive Selection
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